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Abstract: Hypoxia-ischemia leads to serious neuronal damage in some brain regions and is a strong risk factor for stroke. 
The aim of this study was to investigate the neuroprotective effect of tanshinone I (Tsl) derived from Danshen (Radix Salvia 
miltiorrhiza root extract) against neuronal damage using a mouse model of cerebral hypoxia-ischemia. Brain infarction 
and neuronal damage were examined using 2,3,5-triphenyltetrazolium chloride (TTC) staining, hematoxylin and eosin 
histochemistry, and Fluoro-Jade B histofluorescence. Pre-treatment with Tsl (10 mg/kg) was associated with a significant 
reduction in infarct volume 1 day after hypoxia-ischemia was induced. In addition, Tsl protected against hypoxia- ischemia- 
induced neuronal death in the ipsilateral region. Our present findings suggest that Tsl has strong potential for neuroprotection 
against hypoxic-ischemic damage. These results may be used in research into new anti-stroke medications. 
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Introduction 

For several decades, the application of complementary 
and alternative medicines using Chinese herbs in ischemic 
stroke has been a subject of intense interest, and many studies 
have been conducted to investigate the effect of plant extracts 
on the brains of animal models with ischemic insults [1-3]. 
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Some of these herbal medicines have been used for centuries 
without demonstrating significant adverse effects in humans; 
therefore, their active ingredients may serve as efficacious and 
safe candidates for prevention of ischemic stroke [4, 5]. 

Danshen (Radix Salvia miltiorrhiza root) extract is widely 
used in oriental medicine for the treatment of various 
microcirculatory disturbance-related conditions, including 
cardiovascular and cerebrovascular diseases [6, 7] . The main 
lipophilic diterpenoid quinines in Danshen are tanshinones, 
including cryptotanshinone, dihydrotanshinone I, tanshinone 
I (Tsl), tanshinone IIA (TsIIA), and tanshinone IIB (TsIIB) [8]. 
Tanshinones have the potential to penetrate the blood-brain 
barrier [9], and have been reported to exert antioxidant and 
anti- inflammatory effects in the prevention of ischemic injury 
in animal models [10, 11]. 

Although some researchers have focused on the protective 
effects of TsIIA and/or TsIIB in transient focal/global cerebral 
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ischemia [12-14], the potential neuroprotective effect of Tsl 
after occurrence of hypoxia-ischemia has not been studied. 
Therefore, in the present study, we aimed to assess the 
neuroprotective effect of Tsl in the brain of a mouse model 
with hypoxia-ischemia, which is different from transient 
cerebral ischemia in terms of the process of neuronal damage. 

Materials and Methods 

Preparation of Tsl from Danshen extract 

The roots of S. miltiorrhiza Bunge (Labiatae) were 
purchased in March 2005 at the University Oriental Herbal 
Drugstore, Iksan, Korea, and their identity was verified by 
Dr. Kyu-Kwan Jang of the Botanical Garden, Wonkwang 
University. A voucher specimen (no. WP05-87) was de- 
posited at the herbarium of the College of Pharmacy, 
Wonkwang University (Korea). Dried and pulverized roots 
of S. miltiorrhiza (2 kg) were soaked in 1.6 1 distilled water 
for 12 hours at room temperature, extracted with hot ethanol 
for 2 hours, and filtered with filter paper. The filtrate was the 
evaporated in a vacuole to produce an ethanol extract (277 g). 
The ethanol extract was suspended in distilled water (500 ml) 
and then filtered. The residue derived from the filtration 
was dissolved in hot ethanol and filtered again. The filtrate 
was then evaporated in a vacuole to obtain a standardized 
fraction of S. miltiorrhiza (PF2401-SF, 20 g, 1.0 w/w%). High 
performance liquid chromatography (HPLC) was used to 
determine the content of Tsl in the standardized fraction as 
follows (Fig. 1). In a 10-ml volumetric flask, the standard 
compound (~4 mg) was accurately weighed and dissolved in 
HPLC-grade methanol to prepare a stock solution. A working 
calibration solution was prepared with a range from 25 to 
400 |ig/ml by successive 2 -fold serial dilution of the stock 
solution with methanol. A Sykam 2100 series HPLC system 
(Sykam, Gilching, Germany) equipped with a column oven, 
a binary pump, and a degasser was used. A 10-|il volume 
of standard or sample solution was injected directly into an 
Inertsil ODS-3 column (4.6 mmxl50 mm, 5 \im, GL Sciences, 
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Fig. 1. Structure of tanshinone I. 



Inc., Tokyo, Japan) using a mixture of acetonitrile- water 
(65:35, v/v). The flow rate was 1.0 ml/min, and detection was 
carried out at UV 254 nm. 

Experimental animals 

Eight-week-old male C57BL/6 mice (body weight, 
20-25 g) obtained from the Experimental Animal Center, 
Kangwon International University, Chunchon, South Korea 
were used. The animals were housed in a conventional cage 
under adequate temperature (23°C) and humidity (60%) 
conditions, a 12 -hour light/ 12 -hour dark cycle, and unlimited 
access to water and food. Animal handling and care was in 
line with international laws and policies (National Institutes 
of Health [NIH] Guide for the Care and Use of Laboratory 
Animals, NIH Publication no. 85-23, 1985, revised 1996), and 
the study was approved (approval no. Hallym-1-35) by the 
Hallym Medical Center Institutional Animal Care and Use 
Committee (IACUC). We aimed to minimize the number of 
animals used and avoid animal suffering. 

Administration of Tsl 

To elucidate the neuroprotective effects of Tsl against is- 
chemic damage, the mice were divided into 3 groups: a sham- 
operated group (sham group); a vehicle-treated ischemia 
group; and a Tsl-treated (10 mg/kg) ischemia group. Vehicle 
and Tsl were administered intraperitoneally 30 minutes 
before ischemic surgery. Tsl was dissolved in dimethyl sul- 
foxide (DMSO) and diluted to the desired concentration 
with saline (final DMSO concentration, 1%), and the same 
dose of DMSO was administered to animals in the vehicle- 
treated group. Tsl dose was selected based on the findings of 
a previous study [15]. In this experiment, the dose was the 
minimum required for neuroprotection in the ischemic brain 
[14]. 

Induction of hypoxia-ischemia 

We used 21 male mice (n=7 per group) in this study. The 
experimental animals were anesthetized with a mixture of 
2.5% isoflurane in 33% oxygen and 67% nitrous oxide. A 
midline ventral incision was then made in the neck, and the 
left common carotid artery was isolated, freed of nerve fibers, 
and permanently ligated with 5-0 surgical silk. Following 
a 2-hour recovery and feeding period, the animals were 
exposed to a 30-minute period of hypoxia (92% N 2 , 8% 0 2 ) by 
placing them in airtight containers partially submerged in a 
37°C water bath to maintain a constant thermal environment. 
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Evaluation of neurological deficits 

Neurological deficits in the mice at 1 day after the onset of 
hypoxia/ischemia were assessed and scored as described in 
a previous paper [16]. The following scoring was used: 0, no 
observable neurological deficit (normal); 1, failure to extend 
left forepaw on the lifting of the body by the tail (mild); 2, 
circling to the contralateral side (moderate); and 3, leaning to 
the contralateral side at rest or no spontaneous motor activity 
(severe). Animals that did not show neurological deficits were 
excluded from the study. 

TTC staining 

The mice were euthanized 24 hours after hypoxia-ische- 
mia and perfused transcardially with 0.1 -M phosphate- 
buffered saline (PBS, pH 7.4). Brains were removed, and 1- 
mm coronal sections were dissected from the frontal pole 
using a mouse brain sheer (brain Matrix, ASI Instruments, 
Houston, TX, USA). Six slices were selected according to 
the mouse brain atlas [17], including the main portion of 
the infarct. The slices were incubated for 30 minutes in 2% 
2,3,5-triphenyltetrazolium chloride (TTC) solution (Sigma- 
Aldrich Chemical Co., St. Louis, MO, USA) at 37°C, and fixed 
by immersion in 4% paraformaldehyde solution in PBS (pH 7.4) 
for 6 hours. The brain tissues were cryoprotected by infiltration 
with 30% sucrose overnight. To evaluate infarct volume, images 
of TTC-stained brain sections (n=7 per group) were obtained 
using a digital camera (Sony, Tokyo, Japan). Measurements 
were obtained by manually outlining the margins of infarcted 
areas and were then analyzed using NIH Image software. The 
infarct volumes were calculated by multiplying the size of the 
infarcted area by the slice thickness and summing the volume of 
the 6 slices. Because post-ischemic brain edema would increase 
brain volume in the infarcted area, the corrected infarct volume 
was calculated to compensate for the effect of brain edema. An 
edema index was calculated by dividing the total volume of the 
hemisphere ipsilateral to hypoxia- ischemia by the total volume of 
the contralateral hemisphere. 

Hematoxylin and eosin (H&E) staining 

Brain tissues were embedded in paraffin and were then 
sectioned on a microtome (Leica, Heidelburg, Germany) into 
5-\im coronal sections. The sections were mounted on slides 
and were stained with H&E following standard histochemical 
procedures. After dehydration, the sections were mounted 
with Canada Balsam (Kanto, Tokyo, Japan). Images were 
obtained using a light microscope (BX53, Olympus, 



Hamburg, Germany) equipped with a digital camera (DP72, 
Olympus) connected to a PC monitor. 

Fluoro-JadeB (F-JB) histofluorescence 

To confirm neuronal death in the brain after hypoxia- 
ischemia in sham- and ischemia-operated animals, F-J 
B histofluorescence — a staining procedure using a high- 
affinity fluorescent marker for localization of neuronal 
degeneration — was conducted 1 day after hypoxic-ischemic 
surgery under the same conditions for all the animals. F-J 
B histofluorescence staining procedures were accomplished 
according to the methods described in a previous study [18]. 
In brief, the sections were immersed in a solution containing 
1% sodium hydroxide in 80% alcohol, followed by immersion 
in a solution of 70% alcohol. Next, the sections were trans- 
ferred to a solution of 0.06% potassium permanganate and 
then to a 0.0004% F-J C (Histochem, Jefferson, AR, USA) 
staining solution. After washing, the sections were placed on 
a slide warmer (approximately 50°C) and examined under 
an epifluorescent microscope (Carl Zeiss, Oberkochen, Ger- 
many) with blue excitation light (450-490 nm) and a barrier 
filter. In this method, neurons that undergo degeneration 
fluoresce brightly in comparison with the background [19]. 

Cell counts 

All measurements were obtained to ensure objectivity 
in blind conditions (2 observers for each experiment), and 
control and experimental samples were assayed under the 
same conditions. The number of H&E- and F-J B-positive 
neurons in a 250x250- \im square were counted in a location 
around the penumbra and core region of the cerebral cortex 
using an image analyzing system (Optimas 6.5, CyberMetrics, 
Scottsdale, AZ, USA). According to anatomical landmarks 
corresponding to AP +1.1 to -0.6 mm of the mouse brain 
atlas [17], the studied tissue sections were selected with 300- 
\im intervals. Cell counts were obtained by averaging the 
total number of H&E- and F-J B-positive neurons from each 
animal per group, and a ratio of the count was calibrated as a 
percentage. 

Statistical analysis 

Data are expressed as mean±SEM. Data were evaluated 
using a one-way ANOVA SPSS program (SPSS Inc., Chicago, 
IL, USA), and the means were assessed using Duncan's 
multiple-range test. A P<0.05 was considered statistically 
significant. 
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Results 

Neurological deficits 

Compared with vehicle treatment, treatment with Tsl 
(10 mg/kg) significantly reduced neurological deficits and 
increased functional recovery from hypoxia-ischemia at 1 day 
after hypoxia (Fig. 2). 

Neuroprotective effects of Tsl on hypoxia-ischemia 

TTC staining: The neuroprotective effect of Tsl was exa- 
mined 1 day after hypoxia-ischemia, and the infarct volume 
of brain sections stained with TTC was measured using 
computer- assisted image analysis (Fig. 3). Infarction was not 
detected in any regions of the brain in the sham group (Fig. 
3 A, D). In the vehicle-treated hypoxia-ischemia group, infarct 
area was clearly observed, and the mean infarct volume was 
37.86±3.2 mm 3 as measured with TTC staining (Fig. 3B, D). 




Fig. 3. TTC staining of mouse brain slices of the sham (A), vehicle-treated (B), and tanshinone I (Tsl)-treated (C) hypoxia-ischemia groups 24 
hours after induction of hypoxia-ischemia. The vehicle-treated hypoxia-ischemia group shows severe infarction (unstained region, *); the Tsl- 
treated hypoxia-ischemia group shows a significant reduction in infarction (arrow). Scale bar in (C)=5 mm (A-C). (D) Infarct volume (mm 3 ) of 
the sham, vehicle- and Tsl-treated hypoxia-ischemia groups 24 hours after hypoxia-ischemia. (n=7 per group; **P<0.05, significantly different from 
the vehicle-treated hypoxia-ischemia group). The bars indicate mean±SEM. 
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Fig. 2. Neurological deficits observed in the sham, vehicle-treated, 
and tanshinone I (Tsl) -treated hypoxia-ischemia groups 24 hours after 
induction of hypoxia-ischemia. The Tsl-treated hypoxia-ischemia group 
showed a significant reduction in neurological deficits (n=7 per group; 
**P<0.05, significantly different from the vehicle-treated hypoxia- 
ischemia group). The bars indicate mean±SEM. 



http://dx.doi.Org/10.5115/acb.2013.46.3.183 



www.acbjournal.org 



Neuroprotection of tanshinene I in hypoxia- ischemia 



Anat Cell Biol 2013;46:183-190 187 



However, in the Tsl-treated hypoxia-ischemia group, the 
mean infarct volume was much smaller (1 1.65±2.7 mm 3 ) than 
that in the vehicle-treated hypoxia-ischemia group (Fig. 3C, 
D). 
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Fig. 4. Hematoxylin and eosin (H&E) staining in the contralateral 
(A, C, E) and ipsilateral (B, D, F) regions of the cerebral cortex of 
the sham (A, B), vehicle-treated (C, D), and tanshinone I (Tsl)- 
treated (E, F) hypoxia-ischemia groups 24 hours after induction of 
hypoxia-ischemia. Many cells (arrows) in the ipsilateral region show 
eosinophilic cytoplasm in the vehicle-treated hypoxia-ischemia group; 
H&E-positive neurons in the Tsl-treated hypoxia-ischemia group are 
similar to those in the sham group. Scale bar in (F)=50 fxm (A-F). (G) 
Relative numeric analysis of H&E-positive cells in the ipsilateral region 
in the sham, vehicle-treated, and Tsl-treated hypoxia-ischemia groups 
(n=7 per group; *P<0.05, significantly different from the sham group; 
**P<0.05, significantly different from the vehicle-treated hypoxia- 
ischemia group). The bars indicate mean±SEM. 



H&E staining: As shown in Fig. 4, the ischemic lesion was 
easily discernible in undamaged areas in the vehicle-treated 
hypoxia-ischemia group. In the contralateral region, no sig- 
nificant change in the number and morphology of H&E-po- 
sitive cells was found in all the groups (Fig. 4A, C, E). In the 
ipsilateral region, normally H&E stained cells were detected 
in the sham group (Fig. 4B, G), and most H&E-positive cells 
in the vehicle-treated hypoxia-ischemia group were shrunken 
with eosinophilic cytoplasm and triangulated pyknotic nuclei, 
indicating irreversible neuronal injury (Fig. 4D, G). The 
number of H&E-positive cells in this group was also 60.3% 
lower than that seen in the sham group (Fig. 4G). However, 
in the Tsl-treated hypoxia-ischemia group, H&E-stained cells 
were similar to those in the sham group, and degenerating 
cells were slightly observed in the damaged area; the number 
of H&E-positive cells was much higher (80.2%) than that in 
the vehicle-treated hypoxia-ischemia group (Fig. 4F, G). 

F-J B-positive cells 

F-J B histofluorescence staining was also performed to 
confirm the neuronal degeneration in the infarct region one 
day after the induction of hypoxia-ischemia. F-J B-positive 
neurons were not detected in any brain regions of the sham 
group (Fig. 5A, B, G) or in the contralateral region of vehicle - 
and Tsl-treated hypoxia-ischemia groups (Fig. 5C, E). In 
contrast, in the vehicle-treated hypoxia-ischemia group, many 
F-J B-positive neurons were observed in the ipsilateral region, 
(Fig. 5D, G). However, in the Tsl-treated hypoxia-ischemia 
group, the number of F-J B-positive neurons was 34.2% lower 
than that in the vehicle-treated hypoxia-ischemia group (Fig. 
5F, G). 

Discussion 

Danshen has been widely used in the Republic of Korea, 
China, Japan, United States, and Europe for the treatment 
of vascular diseases such as hypertension, stroke, hyper- 
lipidemia, and atherosclerosis [20-22]. The beneficial attri- 
butes of Danshen include the ability to dilate coronary arte- 
ries, increase coronary blood flow, scavenge free radicals 
in ischemic insults, and reduce cellular damage induced 
by ischemia [7]. Clinical trials indicate that Danshen may 
have beneficial effects in patients with angina pectoris, acute 
myocardial ischemia, and stroke [23]. This mechanism may 
involve the ability of Danshen to enhance antioxidant defense 
enzyme activities and decrease the production of oxygen- 
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Fig. 5. Fluoro-Jade B (F-J B) histofluorescence staining in the 
contralateral (A, C, E) and ipsilateral (B, D, F) regions of the cerebral 
cortex of the sham (A, B), vehicle-treated (C, D), and tanshinone I 
(Tsl) -treated (E, F) groups. Many F-J B -positive cells (arrows) in the 
ipsilateral region are observed in the vehicle-treated group; a few F-J 
B-positive cells are observed in the Tsl-treated group. Scale bar in 
(F)=50 [im (A-F). (G) Relative numeric analysis of F-J B-positive cells 
in the ipsilateral region in the sham, vehicle-treated, and Tsl-treated 
hypoxia-ischemia groups (n=7 per group; **P<0.05, significantly 
different from the vehicle- treated hypoxia-ischemia group). The bars 
indicate mean+SEM. 

derived free radicals [24]. In addition to this, tanshinones 
(the major lipophilic components extracted from Danshen) 
have been shown to have an anti-ischemic stroke effect. Tan- 
shinones have a strong inhibitory effect on inflammatory 
responses in rats with myocardial infarction [25]. They also 
have a neuroprotective effect on both permanent and tran- 



sient focal cerebral ischemia in mice [10, 11]. Among the 
tanshinones, TsILA has protective effects against hypertension 
induced by angiotensin II in cultured cardiac cells [26] and 
reduces lipid peroxidation induced by adriamycin in mice 
[27]. Tsl has been clarified over the several decades. Treat- 
ment with Tsl restored cardiac contractile force in an isolated 
heart undergoing hypoxia and reoxygenation, which was 
associated with ATP metabolism in the myocardium [28]. In 
addition, Tsl attenuates production of inflammatory cytokines 
such as interleukin-12 and interferon-y in immune cells [29]. 

This is the first study to report that in a mouse model of 
hypoxia-ischemia, mice treated with Tsl showed a significant 
reduction in both infarct volume and histopathological 
change in the damaged brain region compared to that in 
vehicle-treated hypoxia-ischemia mice. The mouse model of 
hypoxia-ischemia used in this study was originally developed 
in adult rats [30], and the model has been used almost 
exclusively in newborn and immature rodents [31, 32] for the 
past 2 decades. Here, we used adult mice and implemented 
the model in 2 parts: unilateral transection of 1 common 
carotid artery followed by exposure to 8% oxygen. This 
model is different from a gerbil model of transient cerebral 
ischemia that is produced through bilateral occlusion of the 
carotid arteries. The Mongolian gerbil is considered to be 
a good animal model for investigating the mechanisms of 
selective neuronal death following transient global cerebral 
ischemia [33]. The most distinctive difference between these 
2 models is the brain region and time of cell death. In the 
mouse model, cell death starts in the striatum from 1 day 
after hypoxia-ischemia occurs; however, in the gerbil model 
of transient cerebral ischemia, cell death occurs mainly in the 
hippocampal CA1 region 4 days after transient ischemia. In 
fact, neuronal death in the CA1 region is known as "delayed 
neuronal death (DND)" because it occurs very slowly [34]. 

In the present study, we examined the neuroprotective 
effects of Tsl against ischemic damage using TTC staining 
for evaluating hypoxia-ischemic infarct, H&E staining for 
surviving neurons, and F-J B histofluorescence for degene- 
rating neurons. 

TTC staining has been used to identify and quantify 
infarcts in ischemic brain since the 1950s. This staining me- 
thod is a useful tool for assessing the infarct area because 
the usefulness of TTC staining depends on its intracellular 
interaction with respiratory enzymes such as lactate dehy- 
drogenases [35]. In the present study, we found that infarct 
areas in mice subjected to 30 minutes of hypoxia-ischemia 
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can be visualized and quantified using TTC staining (Fig. 
3). TTC staining revealed infarction in the ipsilateral region, 
which appears to be a particularly susceptible area. However, 
treatment with Tsl significantly reduced the infarction area. 
These results indicate that Tsl therapy dramatically decreases 
infarct volume. 

H&E staining has been widely used as a histological me- 
thod for identifying cell damage in the nervous system, 
because the stain binds to acidic components in the cytoplasm 
[36, 37]. Damaged cells show various features, including a 
shrunken cell body with pyknosis and chromatolysis [37]. 
In this study, H&E staining revealed cellular degeneration in 
the ipsilateral region after 30 minutes of hypoxia-ischemia. 
Despite being exposed to 30 minutes of hypoxic conditions, 
mice treated with Tsl had significantly reduced cellular 
degeneration in the infarct region. In addition, the results 
of H&E staining were consistent with the damaged area 
identified by TTC staining. This finding is supported by our 
previous study that showed that Tsl derived from Danshen 
had the strongest neuroprotective effect against transient 
cerebral ischemic damage in gerbils [15]. 

Degenerating neurons tend to be hyperchromic under 
H&E staining [36]. Damaged cells show various fea- 
tures, including a shrunken cell body with pyknosis and 
chromatolysis [37]. However, this method is insufficient to 
discriminate neuronal degeneration, because argyrophilic 
dark neurons, which are damaged by insults, would ultimately 
result in dying or recovering neurons [38]. Therefore, in the 
present study, we used F-J B histofluorescence to elucidate the 
degree of neuronal damage after hypoxia-ischemia. F-J B has 
a good affinity for entirely degenerated neurons (cell bodies, 
dendrites, axons, and axon terminals), and is a useful marker 
to study neuronal degeneration after ischemic injury [19]. In 
the present study, neurons with ischemic damage were well 
detected in the ipsilateral region after hypoxia-ischemia. 

Although many investigators have focused on the pro- 
tective effect of diterpenoids in Danshen extract against brain 
damage, including ischemia, few studies have assessed the 
neuroprotective effect of TsIIA and/or TsIIB in a mouse mo- 
del of transient focal cerebral ischemia [10] or rat models 
of transient focal/ global cerebral ischemia [12-14]. How- 
ever, in the present study, we could not demonstrate the 
pharmacological properties of Tsl. Therefore, further studies 
are needed to investigate the pharmacological properties of 
Tsl so that its neuroprotective effects may be used in clinical 
medicine. 



In conclusion, Tsl has a very strong neuroprotective effect 
against hypoxic-ischemic injury, and Tsl treatment may be 
beneficial in hypoxic-ischemic patients. 
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